This study examined the spatial variation of potential gastrointestinal pathogens within drinking water sources and home storage containers in four neighborhoods in Maroua, Cameroon. Samples were collected from source (n ¼ 28) and home containers (n ¼ 60) in each study neighborhood.
INTRODUCTION
One of the greatest advances in public health in the West during the early twentieth century was the reduction of the number of enteric pathogens in drinking water. In the USA, Cutler & Miller () estimated that mortality rates dropped 30% between 1900 and 1936 after the implementation of public drinking water and sanitation systems, and that 43% of this decrease in mortality was due to the increased access to clean water. Replicating the success of Western public drinking water and sanitation system improvement in developing countries has proved challenging. A great disparity in mortality due to waterborne sought to examine factors usually not involved in traditional water quality studies that influence the spatial variation of potential pathogens in drinking water, and which may contribute to the persistence of poor drinking water quality even after the implementation of drinking water chlorination systems.
It is known that resource constraints in many developing countries are one reason for persistent poor water quality. Improvements that have been made to increase drinking water quality and access frequently can only partially fill the need gap (Bain et al. ) . While there has been an increase in the number of individuals who have access to improved drinking water sources (Bartram et al. ) , the number of households in which water is piped directly into the household remains low ( Especially in growing urban areas, such as our study area, drinking water contamination can stem from not only increased human contact (e.g. the addition of informal drinking water vendors), but also emerging microbial pathogens (e.g. antimicrobial-resistant bacteria, zoonotic pathogens) in the neighborhood environment and increased livestock interaction in transitioning rural-to-urban zones.
As we discuss below, drinking water quality at the point of use can vary markedly between neighborhoods in the same urban setting, even when it is drawn from the same primary source.
Maroua, the administrative capital of the Far North Region of Cameroon, is home to nearly 300,000 people.
Since the end of World War II, the city has experienced rapid population growth and diversification of ethnic groups (Seignobos & Iyebi-Mandjek ) . A majority of residents have direct or indirect access to piped tap water, which is obtained locally from a deep aquifer and then chlorinated by the city's water supplier (Hervé Doualla, personal communication) . Frequent water rationing requires over 90% of inhabitants to store their drinking water in some sort of home drinking water storage containers, and 60% of inhabitants use an informal drinking water supplier to deliver water to their home (Healy Profitos et al. ) . Conducting the study across neighborhoods in the city of Maroua provided the opportunity to assess the spatial variation of potential waterborne pathogens in a context that is becoming progressively more common throughout the developing world: a rapidly developing and diversifying city whose inadequate formal drinking water systems necessitate a patchwork of informal distribution systems to deliver water to most homes, which then must be kept in storage 
Drinking water sample collection
One water company is responsible for the distribution system that supplies treated tap water throughout the city.
Frequent electricity rationing cuts power to the pumps that push water through the piped distribution system, prompting households to store their water in order to ensure a continuous supply for drinking and other household needs, such as cooking, cleaning, and hygiene. Drinking water samples could only be collected from households (n ¼ 60) which had enough water to supply the field team with a sample.
Volumes of 300-750 ml of stored drinking water were taken from the household's storage container, which was typically a traditional wide-mouth clay jar (called canari in the household used to remove water from the storage container to drink. Immediately after sampling, samples were placed in a cooler and taken to the field laboratory for initial chemical and microbial analyses.
Water quality measurements
Sixty samples from storage containers and 28 samples from drinking water sources were successfully collected in the field. Aliquots of 50-100 ml of each sample were tested for chemical and microbial quality. Total chlorine (mg/L), free
hardness (mg/L of CaCO 3 ), and cyanuric acid (mg/L) levels were assessed to determine the chemical quality of the water by using a six-way paper-testing strip (Kokido Development Ltd, Hong Kong). Initial evaluation of microbial quality of the drinking water was done in the field using Coliplates (Bluewater Biosciences, Inc., Ontario, Canada). The Coliplates measured the most probable number of colony forming units (CFU/100 ml) of both E.
coli and total coliforms (Gronewold & Wolpert ) .
Two samples (one home sample, one source sample) were lost during DNA extraction for a total of 59 home samples and 27 source samples were analyzed for their microbial quality.
Molecular detection
After initial chemical and biological in-field analysis, the remaining sample volume was then filtered through a sterile 
Quantitative polymerase chain reaction assays
The sequences of the primers that were used in quantitative polymerase chain reaction (qPCR) assays to detect Campylobacter spp., Salmonella spp., Shiga toxin genes (stx1 and stx2), human-specific faecal contamination (HF183), rumi- 
RESULTS
With the exception of Arcobacter spp., which was not found in any sample, molecular measurements detected all the listed bacterial markers in Table 1 (0.95 log gene copies/100 ml), S. aureus (3.04 log gene copies/100 ml), GFD (4.37 log gene copies/100 ml), HF183 (8.3 log gene copies/100 ml), Rum2Bac (4.65 log gene copies/100 ml) and tetQ (3.07 log gene copies/ 100 ml). Jerry cans tested positive for S. aureus (3.68 log gene copies/100 ml), HF183 (3.54 log gene copies/100 ml), Rum2Bac (4.67 log gene copies/100 ml) and tetQ (3.32 log gene copies/100 ml). Whereas borehole samples only tested positive for Campylobacter spp (1.02 log gene copies/100 ml), Rum2Bac (0.7 log gene copies/100 ml), and tetQ (4.48 log gene copies/100 ml), and open well samples did not test positive for any pathogen or MST marker. It should also be noted that STEC (both stx1 and stx2) were not found in any type of source and that STEC was the only pathogen parameter found exclusively in home samples (Figure 2 ).
In the case of home samples, due to the small number of samples taken from homes in three out of the four neighborhoods (Doualaré ¼ 28; Lopéré ¼ 10; Domayo ¼ 13; and Dougoy ¼ 9), limited statistical analysis was possible. The descriptive statistics for each parameter are described in Table 2 . Kruskal-Wallis equality-of-populations rank analysis revealed that there were only statistically significant differences between neighborhoods in terms of average total coliforms, E. coli, and stx1 gene levels, although tetQ levels did approach statistical significance (p ¼ 0.07). But when the median value of each assay was compared using Mood's median test, no neighborhood's median value for any parameter was statistically different from the others. As noted above, while home samples were more generally contaminated based on bacterial parameters (i.e. total coliforms, E. coli, Salmonella spp., Campylobacter spp., and S. aureus), it was source samples that had higher median concentrations of fecal and antibiotic resistance markers HF183, GFD and tetQ genes. Currently we do not have a good understanding of the cause or causes behind the decrease in the median concentration of MST markers and the increase in the median concentration of pathogens as drinking water moves through the distribution system and enters home storage containers. Possibly, bacteria carrying the fecal marker gene copies (e.g. Bacteroidales) die off quickly or decay after they leave the source water, enter into the informal distribution system (e.g. more exposure to oxygen) and, subsequently, the home storage container. 
CONCLUSIONS
Efforts to increase the access to quality drinking water have grown in the recent past, driven in part by the motivation of developing countries to achieve development targets set through the Millennium Development Goals (Demarest et al. ) . Yet as many clean water access programs have discovered, increasing the access to clean drinking water for the over 700 million people in the world who still lack it is not a simple task (WHO & UNICEF ). As found in this study, even an urban population with relatively high access to an improved drinking water source still has issues with microbial contamination both at the point of access (i.e. stand taps) and at the point of use (i.e. home containers).
While our findings are exploratory and our sample sizes limited, the results of this study suggest that further research is required to better understand how ethno-cultural and economic differences could affect the spatial variation of potential waterborne pathogens within improved drinking water systems in developing countries.
Greater amounts of fecal markers in source samples and greater amounts of bacterial contamination in home samples reveal another layer of potential complexity in the challenge of providing microbially-safe drinking water for people in developing countries. The finding that source samples had relatively low levels of indicator organisms (total coliforms and E. coli) compared to home container samples, but had relatively high levels of fecal markers, demonstrates that the way in which drinking water is monitored and evaluated needs to be reconsidered. The variation in contamination within the drinking water distribution systems (from stand taps to jerry cans) and between neighborhoods within the same city highlights that drinking water quality projects should consider adapting different strategies or developing more targeted quality baselines based on the specific water management systems within homes that are unique to each geographic location or even neighborhood. Further research is required to increase the knowledge of how drinking water quality varies within growing urban centers in developing countries.
